Although the study of imprinted genes in human development is very important, little is known about their expression and regulation in the early differentiation of human tissues due to lack of an appropriate model. In this study, a Chinese human embryonic stem (hES) cell line, SHhES1, was derived and fully characterized. Expression profiles of human imprinted genes were determined by Affymetrix Oligo micro-array in undifferentiated SHhES1 cells and SHhES1 derived embryoid bodies (EBs) at day -3, 8, 13, and 18. Thirty-two known human imprinted genes were detected in undifferentiated ES cells. Significantly, differential expression was found in nine genes at different stages of EB formation. Expression profile changes were confirmed by quantitative real-time reverse transcriptase polymerase chain reaction (RT-PCR) in SHhES1 cells as well as in another independently derived hES cell line, HUES-7. In addition, the mono-allelic expressions of four imprinted genes were examined in three different passages of undifferentiated ES cells and EBs of both hES cell lines. The mono-allelic expressions of imprinted genes, H19, PEG10, NDNL1, and KCNQ1 were maintained in both undifferentiated hES cells and derived EBs. More importantly, with availability of maternal peripheral blood lymphocyte (PBL) sample, we demonstrated that the maternal expression of KCNQ1 and paternal expression of NDNL1 and PEG10 were maintained in SHhES1 cells. These data provide the first demonstration that parental specific expression of imprinted genes is stable in EBs after extensive differentiation, also indicating that in vitro fertilization protocol does not disrupt the parental mono-allelic expression of the imprinted genes examined.
INTRODUCTION
Imprinting is an epigenetic phenomenon that gives rise to differential expression of paternally and maternally inherited alleles of certain genes. It is established afresh in the germ line in each generation and stably inherited throughout somatic cell division (1) (2) (3) . Although imprinted genes comprise a small subset of the human genome, they have been shown to be essential to fetal, placental, and behavioral development (4) . Disruption of allele-specific expression of imprinted genes is associated with human genetic diseases, progression of certain cancers, and a number of neurological disorders (5) (6) (7) . Although imprinted genes play important roles in human early development, a comprehensive analysis of expression profiles of imprinted genes during early development has never been conducted in humans. Studies of imprinted genes in humans have been limited primarily to delineating the association of aberrant expression of a few imprinted genes with a number of diseases and cancers (1, 8) . Many questions regarding expression and regulation of imprinted genes in humans remain unanswered.
Experimental evidence in mice has established links between in vitro embryo culture and the disrupted expression of imprinted genes (9) (10) (11) . However, a direct relationship between in vitro
The scarcity of human embryos available for research has severely hampered the study of imprinting regulation during the early stages of development. However, this problem can be circumvented to some extent by using human embryonic stem (hES) cell lines derived from the inner cell mass (ICM) of human pre-implantation embryos (14, 15) . ES cells are the in vitro counterparts of blastocyst ICM cells. Their in vitro differentiation to embryoid bodies (EBs) mimics events that occur in vivo shortly before and after embryonic implantation (16, 17) . It has been demonstrated that human EBs comprise the cells of the three embryonic germ layers, and express embryonic-specific genes in a stage-specific manner (18, 19) . Importantly, ES cells are derived from pre-implantation embryos at a time when gametic methylation imprints must be retained, and while most of the remainder of the genome is being stripped of its methylation (3) .
Therefore, analysis of mRNA levels and parental-specific expression of imprinted genes during in vitro differentiation of hES cells could provide clues vis-á-vis the post-fertilization epigenetic events necessary for the establishment and maintenance of monoallelic expression during very early stages of development, for which, to date, there is no information. Furthermore, hES cell lines derived from surplus human blastocysts from clinical in vitro fertilization (IVF) could provide a cell model to evaluate the effects of (i) manipulation of embryos, (ii) cryopreservation, and/or (iii) different culture media on imprinting gene expression. More importantly, hES cells are able to self-renew indefinitely in vitro and have the capacity to give rise to differentiated progeny representative of all three embryonic germ layers (20) (21) (22) (23) (24) . Thus, these cells represent a potentially, unlimited resource for cell replacement therapies in the treatment of human diseases. Recently, as a step towards using hES cells in treatment of human diseases, patient-specific hES cell lines have been successfully established (25) . For transplantation purposes, it is very important to monitor and maintain genetic and epigenetic stability in hES, especially after long periods of culture and differentiation. Studies in mouse ES cells show that stem cell-derived tissues and embryos cloned from ES cell nuclei often fail to maintain the epigenetic states of imprinted genes (26) (27) (28) . The presence of cytogenetic abnormalities within hES cell culture has been reported in several labs (3, 24, 29, 30) . However, much less is known about the expression profile and epigenetic status of imprinted genes in hES cell lines following extended culture and upon differentiation.
The aim of this study was to analyze temporal and parental specific expression profiles of imprinted genes in hES cells in their development into human EBs. To this end, a novel Chinese hES cell line, SHhES1, was derived and a large-scale transcription analysis of imprinted genes in hES cells at different stages during their differentiation in vitro was carried out by Affymetrix Oligo micro-array GeneChip, as an initial step towards (i) understanding the regulation of imprinted gene expression in human early development and (ii) estimating the risks of imprinting alteration after ART. We examined the monoallelic expressions of four imprinted genes in SHhES1 cells, and of two imprinted genes in another independently derived hES cell line, HUES-7 (31), at different passages in the undifferentiated state and after extensive differentiation. More importantly, with availability of maternal peripheral blood lymphocyte (PBL) samples, we are the first to demonstrate that parental specific expression of three imprinted genes is maintained in SHhES1, indicating that manipulation of human embryos in vitro does not interfere with the establishment and maintenance of these imprinted genes. Our study established an in vitro model to investigate imprinted genes in hES cells during cell proliferation and differentiation.
RESULTS

Derivation and characterization of hES cell line (SHhES1)
One hES cell line (SHhES1) was established using 33 surplus human blastocysts from clinical IVF on a mitotically inactivated mouse embryonic fibroblast feeder layer. After the zona pellucida was digested, the trophectoderm was removed from the ICM either by immunosurgery or mechanical dissociation. Culture of whole blastocyst was attempted without removal of the trophectoderm layer by placing the cells on a fibroblast feeder layer. The primary blastocyst culture was successful in 10 of 33 cases. However, the cells displayed different growth capacities after mechanical splitting and only one line (SHhES1, which was derived from whole blastocyst culture) continued to proliferate. SHhES1 cells grew continuously >70 passages and survived freeze/thaw cycles.
These cells have typical hES cell morphology, i.e., high nuclear-to-cytoplasm ratios, prominent nucleoli, and distinct boundaries between cells (Fig. 1A and 1B ). Similar to other established hES cell lines, SHhES1 cells exhibited high telomerase activities, measured at passages 20 and 48, respectively (Fig. 1C) . Karyotype analysis, carried out at passages 15 and 23, indicated a normal karyotype (46, XX; Fig. 1D ).
Immunochemistry was used to categorize molecular markers characteristic of undifferentiated SHhES1 cells. The cells expressed high levels of alkaline phosphatase (AKP), TRA-1-81, TRA-1-60, SSEA-4, and SSEA-3 (Fig. 2, A-G) . The transcription factor OCT-4 was also highly expressed. However, SSEA-1 expression was undetectable. RT-PCR, used to probe for hES Class I molecular markers (32) , revealed expression of all eight markers, including Thy-cell surface antigen, LEFTY A, OCT-4, SOX2, FGF4, TDGF1, REX-,1 and NANOG (Fig. 2H) . Representative markers for the three germ layers were found, including neurofilament 70 and nestin (ectoderm), muscle actin (mesoderm), and cytokeratin 7 (endoderm). To further determine whether EBs derived from SHhES1 cells can serve as models for the study of early differentiation in development, mRNA from undifferentiated SHhES1 cells and from 3-, 8-, and 13-day-old EBs were extracted, and expression of known molecular markers for undifferentiated ES and three germ layers examined by quantitative real-time RT-PCR. As shown in Fig. 3 , mRNA level of OCT-4 was reduced significantly when ES cells differentiated into EBs. However, mRNA levels of marker genes for the three germ layers, including GATA-2 and KDR for mesoderm, AFP and TTR for endoderm, NCAM1 for ectoderm, and MSX2 for trophoblast, were all increased significantly. These results indicate that SHhES1 cells have a pluripotent developmental potential in vitro and that differentiated EBs could be a useful model to study gene regulation in early human development.
In vivo differentiation
Undifferentiated SHhES1 cells were injected into the left hind limb muscle of SCID-beige mice.
Teratomas formed 3 months later. Histochemical staining of the teratomas revealed cells and tissues from three germ layers (Fig. 4) , including skin (ectoderm), fat, smooth muscle and cartilage To further confirm the expression pattern of imprinted genes following differentiation detected by GeneChip, the temporal expression of some of the imprinted genes was quantitatively determined by real-time RT-PCR. As shown in Fig. 5B , mRNA levels of IGF2, DCN, and GNAS did, indeed, increase significantly with formation of EBs. These data were consistent with those from GeneChip. In addition, expressions of PEG10 and H19, which were not detected in GeneChip, were also examined by real-time RT-PCR. Expression of H19 was dramatically up-regulated with differentiation of hES cells. Moreover, in order to test if the differential expression of these imprinted genes detected during SHhES1 cell differentiation applies to other hES cell lines, the same experiment was performed with another independently derived hES cell line, HUES-7. As shown in Fig. 5C , the expression patterns of imprinted genes were similar to those of SHhES1 cells.
These results suggest that expression of IGF2, DCN, GABRB3, H19 and SNRPN was developmentally regulated.
Parental specific or monoallelic expression of imprinted genes
Human chromosome 11p15 carries at least seven imprinted genes, including IPL, ORCTL2, KCNQ1, ASCL2, IGF2, CDKN1C, and H19 (33) . The Beckwith-Wiedemann syndrome (BWS), a somatic overgrowth disorder associated with an increased incidence of embryonal tumors, results from the aberrant expression of one or more of these imprinted loci. Therefore, the expression status of each known imprinted gene in this region was first examined. However, transcribed polymorphisms were only identified in KCNQ1 and H19. Sequencing of the cDNA product of the SHhES1 cells at passages 24, 33, and 47 showed monoallelic expression patterns in both H19 and KCNQ1 (Fig. 6A) . The parental allele-specific gene expression was then characterized by direct sequencing of the RT-PCR products of the mother PBL sample. Only KCNQ1 expression was detected in mother PBLs, and direct sequencing showed maternal expression in all three samples chosen for this assay. Stable monoallelic expression of H19 was also found in cells from these three passages. Next, polymorphisms in the transcribed region for paternally expressed imprinted genes NDNL1 on chromosome 15 and PEG10 on chromosome 7q21 in SHhES1 cells were sought.
Sequencing of the cDNA products of these two genes showed that monoallelic expressions of NDNL1 and PEG10 were maintained in all three passages examined. In addition, homozygous sequences of NDNL1 and PEG10 detected in maternal genomic DNA were different from those found in cDNA of SHhES1 cells, indicating that the expressed allele was paternal in origin (Fig.6A) . As a negative control, both genomic DNA and cDNA from feeder layer cells were isolated and sequencing performed to probe for these human imprinted genes. None were detected (data not shown). Furthermore, the biallelic expression pattern of a known non-imprinted gene, OSBPL5, located on chromosome 11 p15, was found at passages 25 and 62, respectively (Fig. 6B ).
Next, in order to test whether monoallelic expression of imprinted genes was maintained in other hES cell lines, genomic DNA and RNA were extracted from hES cells of the HUES-7 line. Direct sequencing of RT-PCR products containing heterozygous polymorphisms showed strict monoallelic expressions for maternally expressed H19 and paternally expressed PEG10 in samples from all three different passages of HUES-7 (Fig. 6C ). This result indicates that monoallelic expression of these imprinted genes was maintained in both early and late passages in both hES cell lines. Lastly, whether or not differentiation affected the expression status of these imprinted genes was determined. Sequencing of the genomic DNA and cDNA products from cells of 28-day-old EBs derived from SHhES1 cells showed the same monoallelic expression patterns for H19, KCNQ1, PEG10, NDNL1 ( (35) . Of 23,788 annotated autosomal mouse genes, their model identified 600 (2.5%) genes to be potentially imprinted. Furthermore, the authors presented a set of human genes whose mouse homologs are predicted to be imprinted, which includes twenty-seven additional potentially imprinted human genes. We analyzed the expression of twenty-four genes, out of twenty-seven, in four hES cell lines mentioned above. Interestingly, eleven genes were expressed in SHhES1 cells.
Eight, seven and six genes were detected in HSF-1, HSF-6 and H9, respectively. In addition, seven (7/8), seven (7/7) and four (4/6) genes detected in HSF-1, HSF-6 and H9 were common to the genes detected in SHhES1 cells. Taken together, the expression profile of imprinted genes is similar in the four independently derived hES cell lines, although some of the imprinted genes are expressed uniquely in each cell line. Among thirty-two imprinted genes detected in undifferentiated SHhES1 cells, nine genes were expressed differentially after EB formation. Of note, IGF2, DCN, and H19 were most significantly up-regulated during hES cell differentiation and EB formation.
Paternally expressed insulin-like growth factor-2 (IGF2) and maternally transcribed H19 genes are closely linked on human chromosome 11. They have similar expression patterns during fetal development and both are involved in BWS, but appear to have opposite effects on growth (16, 36, 37) . In the present study, the elevated expression of IGF2 and H19 during hES differentiation suggests that they play an important role at this stage of differentiation. Remarkably, the expression patterns of imprinted genes during differentiation from two independently derived hES cell lines were comparable, suggesting that the expression profile observed in our hES cells are applicable to other hES cell lines. This study can serve as a basic catalog of imprinted genes expressed in hES cells and during differentiation in vitro.
Monoallelic expression status of imprinted genes in hES cells after extended culture in vitro,
especially after their differentiation, has remained obscure, although several studies suggest that imprinting is unstable in mouse embryonic stem cells (27, 38) (43) . The authors stated that this relative stability may reflect differences between human and mouse cells. Secondly, the difference in epigenetic stability between human and mouse might stem from the differences in media and conditions used for culture of embryos and ES cells. It is known that preimplantation culture in the presence of serum can influence regulation of multiple growth-related imprinted genes (44) . Although the precise mechanisms for epigenetic stability in hES cells remain obscure, the present study provides an overview of the temporal expression of human imprinted genes in hES cells, and demonstrates that hES cells and EBs can serve as a useful model to (i) understand epigenetic reprogramming in early development and (ii) monitor procedures in both ART and somatic cell nuclear transfer. 
MATERIALS AND METHODS
Derivation
RT-PCR analysis
The reverse transcriptase-polymerase chain reaction (RT-PCR) was performed to monitor the expression levels of genes from undifferentiated cells. Total RNA was isolated with TRIzol (Invitrogen) and transcribed into cDNA using oligo (dT) 15 (Promega) and M-MLV RT (Promega).
The primers used are listed in Supplementary Material, Table S1 . PCR products were separated onto a 2% agarose gel, stained with ethidium bromide, visualized, and photographed on a UV transluminator.
Karyotype analysis
Karyotype analysis was carried out on the cells after passages 15 and 23. SHhES1 cell colonies were incubated with 0.05 µg/ml demecolcine (Sigma) for 3 h. Cells were then trypsinized, pelleted 
Telomerase activity
Telomerase activity of SHhES1 cells was measured using the TRAPeze Telomerase detection kit (Chemicon), according to the manufacturer's instructions. 
In vitro differentiation
Teratoma formation in vivo
All cells from a 10-cm dish were injected into the left rear leg muscle of 4-week-old male SCID-beige mice. An identical injection into the same muscle was administered 1 week later. Three months post-injections, the resulting teratoma was examined histologically using standard protocol.
GeneChip target preparation, hybridization, and washing
Affymetrix Human Genome U133A gene chips were used for this study. 
Quantitative RT-PCR
For real-time quantitative RT-PCR, two samples were collected at each time point. Primers were designed using Primer Express-2 software (Supplementary Material, Table S2 ). Real-time PCR was performed using water-blank negative controls, and each sample was analyzed in triplicate with GAPD as the inner control. The final PCR reaction volume of 10 µl contained 5 µl SYBR Green PCR Master Mix (ABI, CA), 2 µl 1:4 diluted cDNA template, and 3 µl primer mixture (final concentration, 250 nM of each primer). Thermal cycling was carried out with a 10-min denaturation step at 95°C, followed by 40 two-step cycles: 15 s at 95°C, and 60 s at 60°C. Amplification data were collected by the ABI PRISM 7900 and analyzed by Sequence Detection System 2.0 software (ABI). 
Analysis of imprinted gene expression
